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1. Introduction 
The Minimum Lethal Herbicide Dose (MLHD) technology, developed by Plant Research International in the Netherlands 
(Ketel, 1996; Kempenaar et al., 2002), has shown itself to be a promising decision support system leading to the 
use of lower rates of photosynthesis-inhibiting herbicides. This method allows the calculation of the minimum dose of 
a photosynthesis inhibiting herbicide needed to control a weed population. An early detection method, based on 
simple and rapid measurements of photosynthetic activity, is used to evaluate the efficacy of the treatment shortly (2 
to 4 days) after application. This tool permits a prompt second herbicide application in case of failure. This last 
element ensures that even though minimal doses of herbicides have been employed, there is a guarantee that the 
treatment will be successful in eliminating the weeds. Such a guarantee greatly contributed to the rapid and (massive) 
adoption of this MLHD methodology by Dutch farmers, agricultural contractors and others. The number of users is 
constantly increasing and demand for improvements and further developments is now coming, as well, from other 
European and Asiatic countries. 
 
In 2004 a project was started to introduce the MLHD technology into China. Name of the project is CMHD. Various 
parties work together in the CMHD project coordinated by EARS b.v. For details on the project, see project 
description by Rosema (2003). For details on MLHD, see MLHD Manual 2004 (Kempenaar, 2004). In summary, 
MLHD advises minimum effective doses of post emergence herbicides taking into account weed species and weed 
stages, and uses PPM-measurements to predict herbicide effects on weeds and crops. On the next page in Tables 
1.1 and 1.2, meanings of PPM values in terms of weed control and effects on crop growth are given. 
 
This report describes the results of the calibration experiments in the CMHD project. The calibration trials are a 
specific task in the project carried out in greenhouses at two locations in China (ICAMA CABET in Beijing and HAAFS 
in Shijiazhuang). At these locations, effects of three herbicides on crop and weed plants were studied in relation to 
principles of the MLHD technology. The aim of the calibration experiments were fourfold: 
1. to study PPM-time curves for different weeds and crops under greenhouse conditions in China, 
2. to relate PPM-measurments to effects on the weeds and the crops, 
3. to compare minimum effective doses in the greenhouse experiments with dose advises in MLHD tables,  
4. to build experience with MLHD technology in China.  
 
 
Table 1.1.  Meaning of PPM-values in terms of weed control. 
Class Range PPM-readings Predicted effect on weeds (efficacy) 
1 < 15 > 99 % control 
2 15-20 > 90 % control, 
additional treatment if crop is still 'open' 
3 20-35 Moderate effect (growth reduction), additional treatment required 
4 35-50 Small effect, additional treatment 
5 > 50 Hardly any effect, additional treatment 
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Table1.2.  Meaning of PPM-values in terms of effects on crop growth. 
PPM-range Predicted effect on crop 
> 60 No effect 
50-60 Small effect (temporary reduction of photosynthesis by about 20 %)  
35-50 Moderate effect (temporary reduction of photosynthesis by about 40 %) 1) 
< 35 Large effect (temporary reduction of photosynthesis by > 40 %) 1) 
1) Attainable crop yield will be lower if the readings remain at this level for a week or more. 
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2. Materials and Methods 
2.1  General 
On two locations greenhouse experiments were carried out. At these locations plants of different species were 
treated with different herbicide doses. After treatment, PPM-measurements, symptoms, plant growth and plant 
mortality were determined. Prior to start of the experiments, facilities were tested and staff of the locations were 
trained in MLHD. 
 
 
2.2  Locations, plant material 
Study locations were ICAMA CABET in Beijing and HAAFS in Shijiazhuang. At ICAMA a mixture of two herbicides was 
tested on four plant species and two different plant stages. At HAAFS two herbicides were tested on eight plant 
species and two plant stages. Plant stages were 2 and 4 leaf stage.  
 
Per herbicide four plant species were tested, one crop species and 3 weed species. 
Herbicide mixture 1/ICAMA: Maize, Digitaria sanguinales, Amaranthus retroflexus, Echinochloa crus-galli 
Herbicide 2/HAAFS:  Soybean, Chenopodium album, Amaranthus retroflexus, Abutilon theofrasti 
Herbicide 3/HAAFS:  Winter wheat, Descurainia sophia, Capsella burse pastors, Alelopecurus aeq. 
 
 
2.3  Plant growth conditions 
The plants were grown on soil in pots with a diameter and height of circa 10 cm are preferred. Soil was a mixture of 
95 % light clay soil plus 5 % sand. Nutrient level in the soil was not limiting for plant growth. Water content of the soil 
was kept at a level that optimal plant growth was possible. Pots were watered from the top. 
  
At ICAMA, seeds of the species were germinated and transplanted into the soil 2 to 4 days later; one transplant per 
pot. Standard procedures for germination were be applied.  
Maize:   seeds on moist filter paper, 25 degree Celsius and no light. 
Echinochloa: seeds in moist soil, 30/22 degree Celsius and light on/off day/night. 
Digitaria:   seeds in moist soil, 30/22 degree Celsius and light on/off day/night. 
Amaranthus:  seeds in moist soil, 30/22 degree Celsius and light on/off day/night. 
 
At HAAFS seeds were directly seeded into the soil in the pots; several seeds per pot. After emergence, plants were 
thinned to finally one plant per pot.  
 
A plant in a pot was the experimental unit in the experiments. The pots were placed on trays. And the trays were 
located in greenhouses. Growth conditions in the greenhouse were: 
Herbicide mixture 1/ICAMA: Day night temp. 25/15, 60-85 % r.h., light conditions: to be added  
Herbicide 2/HAAFS: Day night temp. 25-28/15-17, 60-85 % r.h., light 20.000 lux  
Herbicide 3/HAAFS: Day night temp. 20-22/10-15, 60-85 % r.h., light 20.000 lux  
 
 
2.4  Herbicides 
The following herbicides were tested. 
ICAMA/Herbicide mixture 1:  atrazine product (385 g a.i. per kg) and bentazone product (480 g a.i. per kg), 
mixing ratio 1:1 
HAAFS/Herbicide 2:  bentazone product (48% AS: 480 g a.i. per kg) 
HAAFS/Herbicide 3:  isoproturone product (50% WP: 500 g a.i. per kg) 
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Each herbicide was tested in at least five different doses. Dose titrations were differentiated between species and 
plant stages. Mid titration doses was just sufficient to kill the weeds according to Chinese experience. In some 
experiments, an additional control treatment was added to compare the effect of spraying of water with no water 
application. Dose titrations in product per ha are given in the tables below. 
 
[check doses] 
 
Experimental doses Herbicide 1 (mixture of formulated atrazine and bentazone (l/ha)). 
Treatment # 2-leaf stage 4-leaf stage 
 Amaranthus Grasses/Crop Amaranthus Grasses/crop 
1   0 / 0 0 / 0   0 / 0 0 / 0 
2 0.06 / 0.05  0.10 / 0.08  
3 0.19 / 0.16  0.31 / 0.25  
4 0.32 / 0.26  0.52 / 0.42 0.52 / 0.42 
5 0.45 / 0.36 0.45 / 0.36 0.73 / 0.58 0.73 / 0.58 
6 0.58 / 0.47 0.58 / 0.47 0.94 / 0.75 0.94 / 0.75 
7 0.84 / 0.68 0.84 / 0.68 1.35 / 1.08 1.35 / 1.08 
8  1.10 / 0.89  1.69 / 1.35 
9  1.56 / 1.25  2.34 / 1.88 
10  1.95 / 1.56  2.86 / 2.29 
 
Experimental doses Herbicide 2 (formulated bentazone (l/ha)). 
Treatment # Crop 2- 4-leaf Weeds 2-leaf Weeds 4-leaf 
1 No spray No spray No spray 
2 0 0 0 
3  0.5  
4 0.75 0.75 0.75 
5 1 1 1 
6 1.25 1.25 1.25 
7 1.5 1.5 1.5 
8 1.75  1.75 
 
 
Experimental doses Herbicide 3 (formulated isoproturone (kg/ha)). 
Treatment # Crop 2- 4-leaf Weeds 2-leaf Weeds 4-leaf 
1 No spray No spray No spray 
2 0 0 0 
3  0.5  
4 0.75 0.75 0.75 
5 1 1 1 
6 1.25 1.25 1.25 
7 1.5 1.5 1.5 
8 1.75 1.75 1.75 
9 2  2 
10 3   
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2.5  Experimental setup 
Each herbicide species stage combination was studied in a separate experiment. After being treated, the plants of a 
herbicide species stage combination were placed in a randomized block design. Each experiment consisted of 6 to 
10 treatments depending on number of doses (see tables above). Per treatment there were 8 replicates.  
 
 
2.6  Herbicide application and conditions 
At both locations the herbicides were sprayed on the plants with the facilties at these locations. At HAAFS a moving 
nozzle sprayer fixed table was used, at ICAMA CABET a fixed nozzle turning table sprayer. Plants were placed on the 
table and sprayed with a spray volume of 500 l/ha. After spraying plants were placed near the sprayer to dry for half 
an hour. 
 
 
 
 
Spray facility at ICAMA CABET. 
 
 
 
 
Spray facility at HAAFS. 
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2.7  Observations 
The following plant observations were done: 
 
• Plant development stage every 2 to 5 days for untreated and for all plants at day of harvest. Stages scale: 
seed, germinating, emerging, seedling, 1-leaf, 2-leaf, 3-leaf, 4-leaf, 5-leaf, 6-leaf, 7-leaf, etc. A true leaf was 
counted when it is > 1 cm long. 
 
• Weight of plants at the day of treatment and at final harvest. Aboveground plant parts were removed from the 
pots and weigh individually. 
 
• PPM-measurements, daily, from day of treatment up till harvest. Measurements were done in an environment 
shielded from sunlight, ca 20 lux. Measurements were done on the youngest measurable leaf. Plants were 
placed in the dark environment half an hour before the measurement.  
 
• Symptoms/injury/phytotoxicity per plant were described in qualitative terms (no symptoms, effects of 
herbicides visible (wittering), necrosis, mortality) every 3-5 days. 
 
• Every 3-5 days after treatment, mortality of plants was determined and noted.  
 
• Pictures of plants were taken regularly.  
 
 
2.8  Data collection and analyses 
Data were entered in EXCEL spread sheets by the Chinese partners in the project. Statistical analyses were done in 
cooperation with Plant Research International. Regression analysis, curve fitting and analysis of variance were carried 
out where appropriate. 
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3. Results and Discussion 
The calibration experiments yielded 24 large data sets. Only a summary of the data is presented hereafter. The 
complete data sets are available at ICAMA CABET, HAAFS and Plant Research International. The data presented 
address three research questions: 
1. what is the shape of PPM-time curves for important weeds and crops, 
2. which date after treatment with PPM-measurements gave the best prediction of growth of treated plants/weeds 
at the end of the experiment, 
3. a comparison of minimum effective doses in greenhouse experiments and MLHD doses advises. 
 
 
3.1 PPM-time curves of treated plants 
The PPM-time curves from the different experiments were in line with expectations. Hereafter PPM-time curves of 
four experiments are shown. They are typical for the response of crop plants treated with a photosynthesis inhibiting 
herbicide (Figure 3.1), typical for the response of plants of a sensitive weed species (Figure 3.2), typical for the 
response of plants of little sensitive weed species (Figure 3.3) and typical for plants treated lethally or sublethally 
with a photosynthesis inhibiting herbicide (Figure 3.4).  
 
Figure 3.1 shows that PPM values are affected by dose: the higher the dose the lower the PPM value. However, 
reduction in PPM values are relatively small. The crop plants are only little sensitive to the herbicides. Eventually, 
PPM values return to the level of untreated. All plants survived. 
 
Figure 3.2 shows that a sensitive plant species shows a much stronger reduction in PPM values. Within 2 to 3 days 
PPM values are below 20 and remain low. All these plants died. The temporary increase in PPM value on Day 2 for 
dose 25 g a.i./ha is probably an outlier. 
 
Figure 3.3 shows PPM curves for a situation intermediate to Figure 3.1 and 3.2. The plant species is little sensitive 
to the herbicide. PPM values are affeted by dose. After a decrease in PPM values during first days after treatment 
PPM values increase and return to the level of untreated. All the plants survived the treatments. 
 
Figure 3.4 shows PPM for treatments that were lethal and treatments that were sublethal. The data were obtained 
from one experiment. Plants that died showed a rapid decrease in PPM value and reached a level of less than 20 
within 3 days. The plants that survived the treatment also showed reduction in PPM values. Lowest values were 
reached 2 to 4 days after treatment. Subsequently, PPM values of these plants increased. The PPM-level of 
untreated plants was not yet reached in this experiment. 
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Figure 3.1.  PPM-time curve of Zea mays treated with atrazine and bentazone 
(doses in g a.i./ha of each herbicide). All plants survived the treatment.  
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Figure 3.2.  PPM-time curve of Amaranthus retroflexus treated with atrazine and bentazone  
(doses in g a.i./ha of each herbicide). All plants treated with the herbicides were killed (ck is control). 
Data point on day 2 25 g/ha is an unexpected peak and probably an outlier. 
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Figure 3.3.  PPM-time curve of Capsella bursa pastoris treated with isoproturon  
(doses in g a.i./ha). All plants survived the treatment. 
 
 C.album treated with bentazone
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Figure 3.4.  PPM-time curve of Chenopodium album treated with bentazone  
(doses in g a.i./ha). Some plants were killed while other survived the herbicide treatment. 
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Figures 3.1 to 3.4 show that PPM values can vary from day to day and occasionally do not follow the theory. See for 
example the curves of untreated plants: they generally vary between 60 to 80. Variation results from plant 
properties, environmental conditions, herbicide properties, herbicide deposition on the plant, PPM-meter and way of 
measurement. Attention should be given to this fact and variation should be reduced as much as possible. E.g., 
variation will be smaller if leaves are removed from the plants and placed before the focus point of the PPM-meter 
when measured. Variation will increase if ambient light level is higher.  
 
 
3.2 Prediction of growth of treated plants/weeds by PPM 
Table 3.1 shows how well % growth reduction 14 days after treatment could be explained by PPM measurements 2, 
3, 4 or 5 days after treatment when linear regression analyses was applied to each data set. In 21 out of 24 data 
sets, good significant correlations were observed between PPM measurements and growth reduction. Only in the 
cases of Atrazine +Bentazone Maize 2 leaf, Bentazone Soybean 4 leaf and Isoproturon Wheat 2 leaf, correlations 
were not significant. Here only very little growth reduction was observed.  
Table 3.1.  Correlation coefficient (R2 values) of regressions of mean PPM values on 2, 3, 4 or 5 days after 
treatment and % growth reduction 14 days after treatment for the different experiments. Explanation 
of abbreviations of herbicides and species is given in 2.2 and 2.4. Regressions of Atrazine + 
bentazone.  
PPM measurements date [days after treatment] Experiment 
(herbicide - species - 
leaf stage) 
2 3 4 5 
Atr/Ben Ech 2 0.87 0.97 0.86 0.89 
Atr/Ben Ech 4 0.95 0.94 0.95 0.94 
Atr/Ben Dig 2 - - - - 
Atr/Ben Dig 4 0.57 0.51 0.66 0.56 
Atr/Ben Ama 2 0.54 0.97 0.92 0.97 
Atr/Ben Ama 4 0.88 0.97 0.97 0.97 
Atr/Ben Maize 2  0.007 0.04  0.007  0.004 
Atr/Ben Maize 4 0.76 0.84 0.93 0.88 
Bent Abuth 2 0.99 0.99 0.99 0.98 
Bent Abuth 4 0.99 0.99 0.99 0.99 
Bent Ama 2 0.96 0.93 0.95 0.87 
Bent Ama 4 0.88 0.98 0.91 0.75 
Bent Cheal 2 0.98 0.99 0.98 0.96 
Bent Cheal 4 0.97 0.87 0.95 0.99 
Bent SoyB 2 0.17  0.001 0.43 0.31 
Bent SoyB 4 0.04 0.22 0.32 0.42 
Iso Alelo 2 0.99 0.99 0.58 0.94 
Iso Alelo 4 0.94 0.90 0.89 0.93 
Iso Capbu 2 0.99 0.99 0.99 0.98 
Iso Capbu 4 0.67 0.65 0.65 0.65 
Iso Descu 2 0.99 0.98 0.97 0.97 
Iso Descu 4 0.99 0.92 0.98 0.94 
Iso Wheat 2 0.17 0.22 0.15 0.40 
Iso Wheat 4 0.59 0.63 0.57 0.47 
     
Average 0.74 0.76 0.77 0.77 
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Best fits (R2 values) were obtained for the weeds species (see Table 3.1). Often, R2 values were in the order of 0.9, 
indicating good correlations. There was only little difference in R2 values when PPM values of day 2, 3, 4 or 5 days 
after treatments were x-variates in the regression analyses. Average R2 values ranged from 0.74 for day 2 to 0.77 
for day 5. From this follows day 2, 3, 4 and 5 can be used to predict growth effects. Measurments after day 5 may 
give problems with interpretation because plant material may have died by then. Measurments should not be done on 
dead plants. 
 
Figures 3.5 to 3.7 show the relation between PPM value 2 days after treatment and % growth reduction 14 days 
after treatment for the three herbicides studied. In all three situations, good correlations were observed with R2 in 
the order of 0.9. In the figures can be seen that PPM values smaller than 20 predict large (> 90 %) growth 
reductions. 
 
If all data points are plotted in one graph and regression analyses is done, the regression line is  
y = -1.545X + 115.59 and R2 = 0.90. 
 
 
Isoproturone data
y = -1,6489x + 119,99
R2 = 0,9518
-20,0
0,0
20,0
40,0
60,0
80,0
100,0
120,0
0 20 40 60 80 100
PPM 2 DAT
%
 g
ro
w
th
 re
du
ct
io
n 
14
 
D
A
T
 
Figure 3.5.  PPM values 2 days after treatment and growth reduction 14 days after treatment  
for the 3 weed species and crop species treated with isoproturone. 
 
 
Bentazone
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Figure 3.6.  PPM values 2 days after treatment and growth reduction 14 days after treatment  
for the 3 weed species and crop species treated with bentazone. 
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Atrazin + Bentazon
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Figure 3.7.  PPM values 2 days after treatment and growth reduction 14 days after treatment  
for the 3 weed species and crop species treated with atrazine + bentazone. 
 
 
3.3  Comparison of minimum effective doses from 
calibration experiments with MLHD doses 
Greenhosue experiments should not be used to determine minimum effective doses for field situations. This is 
because weeds in the greenhouse are generally less hardened than weeds in the field. And as a results, weeds in the 
field need a higher dose to be killed than in the greenhouse because the herbicides are generally more effective in 
the greenhouse than in the field. However, a comparison between minimum effective doses in the greenhouse and 
doses advises of MLHD for field situation can be made. Table 3.2 contains the doses that gave 90 % growth 
reduction 14 days after treatment and dose advises for the respective weeds at the moment of treatment. 
 
Table 3.2 shows that minimum effective doses are stage dependent. The larger the plant (2 versus 4 leaves), the 
higher the dose needs to be to reach a certain effect (in this case 90 % growth reduction compared to untreated 
14 days after treatment). Sensitive weed species require a lower dose to be killed than less sensitive species. MLHD 
dose advises are generally a little higher than the 90 % growth reduction doses in the greenhouse experiments. An 
exception was atrazine plus bentazone. There the maximum dose is 400 gram a.i./ha, but with the addition of oil. 
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Table 3.2.  Comparison of doses that gave 90 % growth reduction in the greenhouse experiments and doses 
advises from Dutch MLHD dose tables. In the case of atrazine + Bentazone (Atr/Ben) the dose for 
each herbicide is given.  
Dose (g a.i./ha) Experiment 
(herbicide - species - 
leaf stage) 
ED 90% from 
greenhouse expt. 
Dose advises from 
MLHD dose tables* 
Comment 
Atr/Ben Ech 2   205 /205 200 / 200  
Atr/Ben Ech 4   1000 / 1000 400 / 400 + oil  
Atr/Ben Dig 2   > 750 / 750 400 / 400 + oil  
Atr/Ben Dig 4   > 1100 /1100 400 / 400 + oil  
Atr/Ben Ama 2      < 25 / 25 120 / 120  
Atr/Ben Ama 4      < 40 / 40 240 / 240  
Bent Abuth 2       35  No MLHD experience with this weed 
Bent Abuth 4       50  No MLHD experience with this weed 
Bent Ama 2       85 125  
Bent Ama 4     115 200  
Bent Cheal 2       60 125  
Bent Cheal 4       95 200  
Iso Alelo 2       40   70  
Iso Alelo 4       90 120  
Iso Capbu 2  > 117  MLHD recommends another herbicide 
Iso Capbu 4  > 133  MLHD recommends another herbicide 
Iso Descu 2       15  No MLHD experience with this weed 
Iso Descu 4       45  No MLHD experience with this weed 
* For use in the field under favourable weather conditions and optimal boon sprayer conditions. 
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4. Conclusions 
The following conclusions were drawn from the greenhouse experiments: 
• The calibration experiments were carried out successfully at the two research locations in China.  
• The staff at the research locations built experience with MLHD technology, in particular with PPM 
measurements. They did a very good job. 
• Generally, observed PPM time curves for plants treated with photosynthesis inhibiting herbicides in the 
experiments were in line with expectations: 
• Sensitive weed species show a rapid reduction in PPM values the first 2 to 5 days after treatment, and 
PPM values remain below 20 when such plants die, 
• Little sensitive weed species show lesser reduction in PPM values after treatment than sensitive species, 
and, weeds that survive a herbicide treatment show recovery of PPM values with time, 
• Crops often show only a small reduction in PPM values after treatment, 
• Differences in sensitivity of species (crops and weeds) can be explored with the PPM-meter.  
• PPM-measurements should not be done on dead plants. 
• Sources of variation in PPM-measurements are herbicide properties, herbicide deposition on the plant and 
translocation, environmental conditions, plant situation, PPM-meter and way of measurement. The effects of 
variation sources can be reduced in some situations.  
• Measurements in the dark, with leaves removed from the plants on fixed positions give the smallest variation. 
• Consequence of variation is that reliable predictions cannot be made on a single measurement per plant 
species. Prediction should be based on an average PPM value of at least 10 measurements per species per 
stage, if possible 20. 
• Effects of treatments with photosynthesis inhibiting herbicides could be explained by PPM-measurements 
shortly (2 to 5 days) after treatment rather well. Generally, R2 in the order of 0.9 were observed.  
• In the case of a quickly acting contact herbicide as bentazone (HAAFS experiment) the PPM-measurements may 
have less added value because the effect can be seen by eye very shortly after treatment. This however 
remains to be tested in the field and is part of a discussion between the Chinse and Dutch parties. 
• The thresholds values of MLHD that predict certain effects on weeds and crop were tested positive in the 
greenhouse experiments. They seem applicable for the Chinse situation, but this remains to be tested in the 
field. 
• Minimum effective doses in the greenhouse experiments (doses that gave 90 % growth reduction) were 
generally a little smaller than doses advises from MLHD tables. This is because weeds in the fields are 
hardened and require a higher dose to be killed. Greenhouse experiments should not be used to determine 
minimum effective doses for field situations. 
• Minimum effective doses in the greenhouse experiments were stages and species dependent. 
 
The following recommendations are made: 
• Strengthen the battery of the PPM-meter for large numbers of measurements 
• Continuation of the calibration experiments in 2005 in greenhouse and field to study 
• more weed species 
• more herbicides 
• variation of PPM values in plants in relation to size and number of measurements 
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